A wheelchair user faces many difficulties in their everyday attempts to use ramps, especially those of some length. The present work describes the design and build of a propulsion system for manual wheelchairs for use in ascending or descending long ramps. The design is characterized by a self-locking mechanism that activates automatically to brake the chair when the user stops pushing. The system consists of a planetary transmission with a self-locking capacity coupled to a push rim with which the user moves the system. Different transmission ratios are proposed, adapted to the slope and to the user's physical capacity (measured as the power the user can apply over ample time periods). The design is shown to be viable in terms of resistance, and approximate dimensions are established for the height and width of the propulsion system. Also, a prototype was built in order to test the self-locking system on ramps.
Introduction
There are several types of manual wheelchairs, among which there stands out the basic manual push rim propelled models (Vanlandewijck et al., 2001; van der Woude et al., 2001) . These account for around 90 % of the chairs existing on the market. They are the most commonly used due to their low cost, their excellent handling capacity, and ease of transportation since they can be folded . Another type that stands out is the crank-propelled wheelchair. This uses the same type of propulsion as bicycles and its most efficient configuration is that of handcycling, where propulsion is powered using the hands (Arnet et al., 2013) . Another type is the lever-propelled wheelchair which uses a lever fixed directly to the rim, allowing the user to adopt a more ergonomic position and being more efficient than the crank-propelled wheelchair (van der Woude et al., 2001) . The last type of chair with manual propulsion is the geared manual wheelchair which functions with mechanical geared wheels (Flemmer and Flemmer, 2016) .
Ramps are a major problem for users' everyday lives. This is especially so for the long ramps that they encounter in cities, since activities that require changes of inertia need more upper limb strength than those needed to maintain speed on the flat (Sonenblum et al., 2012) .
There are some devices in the literature that allow the users to use geared transmissions for manual wheelchairs propulsion but not many of them complement the propulsion with a locking mechanism when ascending or descending a ramp. Magicwheels is a commercial brand (Meginniss and SanFrancisco, 2006 ) that uses a transmission based on a hypocycloidal which has two modes. In the standard mode the hand rim is connected directly to the wheel and the system behaves like a normal pushrim propelled wheelchair. If the user pushes a shift on the hub, the gear turns into a transmission providing a gear ratio lower than 1 : 1 which helps wheelchair users to ascend a ramp easily. It also has a hill holding mechanism which prevents the wheelchair from rolling backwards. This hill holder mechanism includes one way roller assemblies in order to rotate in one direction but not the other. Thus, the locking of the mechanism is achieved through friction preventing the gear assembly from moving backwards. The device is mounted on a wheel, and the user would replace its own wheel in order to use this propulsion system. In this work, a propulsion system is proposed whose main component is a wheel-locking system based on a self-locking planetary gear train (PGT) that can be attached to any manual wheelchair. Since the self-locking PGT is a mechanism in which the input and output are coaxial, it can be feasibly coupled to any wheelchair. The input of the mechanism is connected to push rims through which the user can apply power to the propulsion system, and this then transmits the movement to the chair. However, if the power is transmitted from the wheels themselves (which are connected to the output of the mechanism), the system does not allow movement due to its self-locking nature. The system is ideal for long ramps, where its use helps reduce the effort needed over a long period of time, preventing the user becoming fatigued, and allowing them to ascend or descend a long slope.
In the following sections, we shall describe firstly the possible arrangements and transmission ratios of the propulsion system that are required to climb ramps of different slopes, based on different power inputs. Then, a proposed design of the self-locking system and details of the propulsion system will be described. Finally, a functional and qualitative evaluation of the prototype will be tested on a ramp.
Possible layout arrangements of the propulsion system
The main element of the propulsion is a PGT. This is a coaxial transmission with a single degree of freedom, so that it has to have a fixed member to operate correctly but can be attached to any wheelchair. In particular, the system can be implemented directly between the wheel and the power transmission element (the push rim) as shown in Fig. 1a , or under the chair with a different configuration as shown in Fig. 1b . This latter is the option chosen for the present work.
The need to have a mechanism with one degree of freedom requires one of the elements of the system to be established as a fixed member (ω = 0). For this reason, the housing containing the propulsion system is fixed to the chassis of the wheelchair. To explain the behaviour of the propulsion system, Fig. 2 shows the two situations that can occur when a manual wheelchair user is on a ramp. In Fig. 2a , the power input is from the push rim. In this case, the mechanism is capable of transmitting power and thus moving the wheel. However, when the power input is through the wheel, i.e., when the user is not moving the push rim, the configuration of the system prevents power being transmitted to the output member, and the movement of the chair is locked, as is shown in Fig. 2b . Thus, with this system, the user can resume propelling the chair at will without needing to activate or deactivate any wheel locking mechanism. Also, the effects of inertia when the user is on a ramp do not have to be overcome since the mechanism locks when power input is through the wheels. The same is the case when motion is resumed, i.e., it is not necessary to overcome the effects of inertia when power is input through the push rim.
Analysis of the kinematics of the proposed propulsion system
There are various factors that influence the manual propulsion of a wheelchair, such as the type of surface on which the chair is being propelled (Koontz et al., 2005) , the individual's mass (Sprigle and Huang, 2015) , and the slope of the terrain (Choi et al., 2015) . Upper trunk activity increases as the slope becomes steeper, but the use of any reduction mechanism that increases the torque applied to the axis of the chair decreases the performance of certain muscle groups of the user's upper trunk (Howarth et al., 2010) . Figure 3 shows the forces on the propulsion wheel when the user is on a slope, assuming that the chair moves with constant speed. Figure 2 . Action of the propulsion system when: (a) power is input through the push rim (the propulsion system functions); (b) power is input through the wheels (the propulsion system has self-locked).
In this figure F drag is the rolling resistance force, α is the slope of the ramp, F t(α>0) is the tangential force the subject needs to apply to move the chair when α > 0, and φ is the angle with the horizontal formed by the radius to the point of application of the tangential force. This force causes the propulsion torque M α c at the centre of the wheel. It can be seen that the total force is F = F 2 t(α>0) + F 2 r with the purely tangential force F t(α>0) being responsible for the forward movement of the wheelchair (Boninger et al., 1997 (Boninger et al., , 2002 Chow et al., 2009; Dallmeijer et al., 1994; De Groot et al., 2002; Kwarciak et al., 2009; Lin et al., 2009; Robertson et al., 1996; Veeger et al., 1991; van der Woude et al., 1988) , and F r being the normal component which, although it does not move the chair, plays a part in the friction between the hand and the push rim.
We make the following simplifying assumptions in this work: the analysis is done in two dimensions (van der Woude et al., 1988) ; the speed of ascent (v slope = cte) (Arnet et al., 2013; Chow et al., 2009; Veeger et al., 1991; Van Der Woude et al., 2003) ; the inertia of the wheel (Richter et al., 2007; van der Woude et al., 1988) and the aerodynamic resistance (Van Der Woude et al., 2003 are neglected; and the forces the user applies to each wheel are symmetrical (Arnet et al., 2013) . Then:
Given F t(α>0) one can determine the torque M α c needed to move the chair up a ramp. Taking a total mass (chair + user) of m = 100 kg and a coefficient of rolling resistance ρ = 0.015 in accordance with the results reported in de Groot et al. (2006) and Richter et al. (2007) , one has:
Where r p is the radius of the pushrim, which we take 0.225 m. The power input PI applied directly to the pushrim is given by:
Where ω slope = v slope /r w is the angular velocity in rad s −1 of the wheels on the slope, with r w being the radius of the wheel which we take r w = 0.27 m.
In this work, we took an individual's physical condition to be the power that they can input at a constant rate for an ample period of time. In Salgado and Castillo (2007) , it is explained that for a planetary propulsion system to be self-locking, it must be designed in such a way that the mechanism is one of reduction. In this sense, the propulsion system's transmission ratio (R t ) is obtained as a function of PI and the slope to ascend. To calculate v slope , we set v l = 1.2 m s −1 which is the speed that the chair would have on the flat without using the propulsion system, and then v slope = R t v l . Figure 4 shows power input to the push rim for different values of v slope (with R t being 1/12, 1/6, 1/4, 1/3 and 5/12) for v l = 1.2 m s −1 . For this study, we considered that ramp slopes of less than 4 % are too little, and greater than 10 % are too steep, for the propulsion system to be used. The suitable values are represented by a shaded area in Fig. 4 and, while it is not a criterion for the choice of the propulsion system, it does establish an approximation of the minimum and maximum ramps that a user can take on. The figure represents by way of example a user whose physical capacity allows them to input PI = 50 W at the push rim. Depending on the slope to ascend, one obtains the corresponding values of R t represented by the points (P 1 , P 2 , P 3 , P 4 ). With the same PI, the user is able to climb ramps ranging from 4.7% at a speed of v slope = 0.5 m s −1 to 13.7 % at a speed of v slope = 0.2 m s −1 . This graphic thus makes it possible to clearly see the values of R t the user will need to climb certain ramps depending on the PI they are capable of.
The behaviour of the propulsion system was verified by a simulation in which a user wishes to climb a ramp of approximately 5 % slope and is capable of inputting a power PI = 50 W for a long period of time. Taking v l = 1.2 m s −1 as in Fig. 4 , one can see that these data correspond approximately to the point P 1 , with R t = 5/12, i.e., v slope = 0.5 m s −1 . Figure 5 shows the user performing a complete push cycle while climbing a ramp. When the user stops inputting power, the system locks (Fig. 5b) . When, at any time, the user wishes to resume the ascent they can do so by simply applying power to the push rim, avoiding having to overcome the force of inertia.
Now that one knows the transmission ratios that are best adapted to each user depending on their physical condition and the slope that they want to ascend, in the following section we shall explain the design of the self-locking propulsion system.
Design of the self-locking propulsion system
For a PGT to be self-locking, it must satisfy a series of design conditions which mean that only a small set of construction solutions are possible (Salgado and Castillo, 2007) . In this section, we shall determine a solution for the self-locking system proposed in Fig. 2 .
For simplicity of construction, we shall analyse the two 4-member self-locking PGT solutions since these are the ones with the fewest possible members (Fig. 6 ). For the design proposed in the present work, we chose the solution of Fig. 6a because it has gear pairs that are external (gear/gear) rather than internal (gear/ring gear). For this construction solution to be self-locking, the following expression must be satisfied (Salgado and Castillo, 2007) :
where η ij is the ordinary efficiencies of the circuits of the PGT. The ordinary efficiency is the efficiency of the gear pair if the arm linked to the planet were fixed. By means of this efficiency, one introduces into the overall efficiency calculation of the gear train the friction losses that take place in each gear pair. Although the value of the ordinary efficiency in each gear pair depends on the number of teeth of its gears, on the operating conditions (applied torque, speed, lubricant type and method, temperature), and on geometric factors such as the approach portion and the recess portion and on tooth surface roughness (Anderson and Loewenthal, 1980; Diab et al., 2006; Müller, 1982; Xu and Kahraman, 2005) , for the analysis of the self-locking conditions; it is sufficient to consider a value of the ordinary efficiencies slightly less than unity ( Salgado and Castillo, 2007) . In Eq. (4) Z ij is the tooth ratio of the gear pair formed by the linking members i and j . In particular, Z ij is defined as Z ij = Z i /Z j . For the definition of the tooth ratios to satisfy the Willis equations, Z ij must be positive if the gear is external (meshing gear-gear) and negative if it is internal (meshing ring gear-gear). For the train of Fig. 6a , one would have to take Z 14 > 0 and Z 24 > 0. The two construction solutions for a 4-member selflocking PGT only allow power flow with input through the arm (Member 3) and output through the sun (Member 1), as shown in Fig. 6 , where the power flow is in the direction marked by the arrow. The transmission ratio of the fourmember PGT with input through the arm is (Salgado and Castillo, 2007) :
For the design of the wheelchair locking system based on PGTs, we have considered the constraints on this type of transmission. These constraints can be grouped into two categories -one involving gear size and geometry, and the other the PGT meshing requirements, as will be detailed in the following two subsections.
Constraints involving gear size and geometry
The first constraint is a practical limitation of the range for the acceptable face width b. This constraint is as follows:
Where m is the module of the gears. All of the kinematic and dynamic parameters of the transmission depend on the values of the tooth ratios Z ij . In theory, the tooth ratios can take any value, but in practice, they are limited mainly for technical reasons because of the difficulty in assembling gears outside of a certain range of tooth ratios. In this work, the tooth ratio for the design of mechanical spindle speeders are quite close to the recommendations of Müller (1982) and the American Gear Manufacturers Association (AGMA) norm (American Gear Manufacturers Association, 1988), and are:
with the constraint given by Eq. (7) being for external gears and that by Eq. (8) for internal gears. It is important to note that these constraints are valid for designs with different numbers of planets (N p ) (Müller, 1982) . Another constraint that will be imposed on the design of 4-PGT with double planets, as the self-locking PGT implemented in the locking system design, is that the ratio of the diameters of the gears constituting a double planet is:
where d 4 and d 4 are the pitch diameters of the gears than constitutes the planet gear that meshes with members 1 and 2 (see Fig. 6 ). 
Planetary gear train meshing requirements
The meshing requirements are given by the AGMA norm (American Gear Manufacturers Association, 1988). For planetary systems with double planets must, either of which, factorise with the number of planets in the sense of Eq. (10) below (see AGMA norm; American Gear Manufacturers Association, 1988):
where P 1 and P 2 are the numerator and denominator of the irreducible fraction equivalent to the fraction Z 4 /Z 4 ; where Z 4 is the number of teeth of the planet gear that meshes with member 1 and Z 4 is the number of teeth of the planet gear that meshes with member 2 (see Fig. 6 ):
It can be verified that to satisfy the above requirements, and given that the 4-member PGT with arm input is a reduction transmission, the maximum transmission ratio (minimum reduction) that can be achieved so that a self-locking train is obtained, i.e., so that the constraints of Eqs. (4)- (11) are satisfied, is the one that has R t = 1/12. Of the possible transmission ratios for a self-locking PGT, we chose this maximum. As a specific design proposal to achieve R t = 1/12, we propose the following teeth numbers for the self-locking PGT: Z 1 = 48, Z 2 = 44, Z 4 = 20 and Z 4 = 20.
As mentioned above, and as can be checked in Fig. 4 , the logical R t values go from 5/12 to 1/12. Therefore, only in one case is the propulsion system a self-locking PGT. For the rest of the PI and slope values, a self-locking PGT + multiplier combination is necessary. In this work, we propose a PGT as multiplier stage since the speed is multiplied in a single step.
The self-locking PGT design with the planet member consisting of four gears (N p = 4) is shown in Fig. 7a , and Fig. 7b is a schematic diagram of the complete propulsion system (self-locking PGT + multiplier PGT). The self-locking PGT is common to any design of the propulsion system. The mem- ber that varies depending on the needs of the user is the multiplier stage.
Force and stress analysis
As an example, we use an intermediate transmission ratio R t = 5/12, which is the result of combining a self-locking PGT with R t = 5/12 and a multiplier PGT with R t = 5. The objective is to evaluate whether the propulsion system is small in size. To perform the calculations, two phases must be distinguished: when the system is locked, and when PI is input through the pushrim.
In the locking phase of the propulsion system, the value of R t of the system is irrelevant since the stresses produced in the system depend solely on the slope and the chair-plus-user mass. For the calculations in this phase, one must decide on the value of the slope. We shall take a slope of 10 %. Since the system is locked, F drag = 0 because it is not necessary to overcome any forces of friction. Thus, considering m = 100 kg, the only force that the system supports is that of the weight, F p :
The radius of the Wheel, r w is 270 mm. If no reduction system is used, the torque produced on the wheel's axis during this locking phase on a slope of 10 % will be:
This torque is distributed symmetrically through the two drive wheels. Hence, each locking system receives a torque of M α c = 13.17 Nm. Each drive wheel is connected to the self-locking PGT's output gear (Gear 1) which will receive the full torque, and trigger the locking. Using the values given in Table 1 for the dimensions of the elements conforming the propulsion system, the tangential force produced by M α c = 26.35 Nm on the cogs of Gear 1 will be F t(α>0) = 233.2 N. Since they belong to the same member, planets 4 and 4 distribute the torque produced by the locking symmetrically, and this will be that given by the tangential force exerted by the cogs of Gear 1. Figure 8 shows a method for calculating the resistance of the mechanism. This is the method used in Hwang et al. (2013) , Li (2012) , Moreira et al. (2016) and Patil et al. (2014) in which the resistance of the cog is calculated from the tangential force F t(α>0) caused by the torque produced at the centre of the gear's pitch radius.
When power is input through the push rim, the equations proposed in Del Castillo (2002) are used to calculate the torques and angular velocities of the components of the propulsion system (self-locking PGT + multiplier PGT) with power input to the self-locking PGT through the arm. These calculations were done using software developed in Matlab based on the aforementioned equations. Table 1 gives the size and dynamic characteristics of each member of the mechanism when a torque M α c is input through the push rim. For the dynamics calculations, we considered the values of R t represented in Fig. 4 .
The increase in the torques produced in the self-locking PGT elements is due to the power recirculation that occurs in this type of self-locking PGT (Del Castillo, 2002) . Thus, unlike in the locking phase of the system when the maximum torque supported by the self-locking PGT is limited by the size of the gears and the weight of the user, in this phase the limiting variable is the torque that is input onto the push rim where the greatest stresses arise.
As an example, we present a calculation of the stresses that arise on the cogs of the PGT's gears when a user is able to input a power of approximately 70 W, and wishes to climb a 7 % ramp. According to Fig. 4 , the transmission ratio that is best suited to the needs of this case is R t = 5/12.
The speed of ascent, v slope = 0.5 m s −1 is the consequence of inputting approximately M α c = 19 Nm at ω l = 4.44 rad s −1 , which means that 9.5 Nm is applied to each push rim. As one observes in Table 1 , taking into account the dimensions of the components of both the self-locking and the multiplier stages, the component which supports the greatest stress is Planet 4 of the self-locking PGT. The results of the dynamic simulation with this force applied to the cog as in Fig. 8 are shown in Fig. 9 . Figure 9 . Stresses produced by the tangential forces applied to the cog when the user inputs power through the push rim: the dynamic loads on Member 4 (the least favourable). The cogs of Member 4 can withstand the effects produced even in situations of steep slopes. This method has therefore allowed us to define the thicknesses and diameters of all the gears, and hence we can also define the approximate dimensions of the complete propulsion system.
With the stresses that arise in the elements of the propulsion system known, and its viability in terms of resistance confirmed, we can now approximate the overall dimensions of the system, as is illustrated in Fig. 10a for R t = 5/12. An exploded view of the mechanism is included in Fig. 10b . Table 2 lists the specifications of each element of the transmission for R t = 5/12. A relationship is established between the width and the height of the casing enclosing the transmission in order to have an approximation of the system's viability in terms of its dimensions.
Functional and qualitative evaluation
In this work a prototype of the propulsion system has been tested in order to validate the reliability and the behaviour of the self-locking system in manual wheelchairs. The gears that formed the self-locking PGT and the multiplier stage were made of alloy steel. A ball bearing was used in gear 1 with 12 mm of diameter, the rest of the bearings of the prototype were needle bearings with 10 mm diameter each. The mounting of the prototype was as follows: gear 2 and the first part of the housing were joined together with screws which prevented gear 2 from moving. Planet gears 4 and 4 , the planet carrier and the input arm were mounted together. In this prototype a speed multiplier with a speed ratio of 5 : 1 was mounted at the output of gear 1. The sun element of the speed multiplier (output of the transmission) was connected to the wheel of the wheelchair. The second part of the housing encapsulated the transmission, thus forming an assembly which was subsequently joined to the chassis of the wheelchair using screws, leaving the housing as the fixed element of the transmission. An external pushrim was installed and connected to the input arm with the purpose of introducing power to the propulsion system. As mentioned in Fig. 1 there were two possible arrangements for the transmission, and the decision was taken to mount the prototype underneath the seat as can be seen in Fig. 11b which shows a rear view of the wheelchair. This configuration does not increase the width of the whole system. Once the prototype was mounted, the transmission had a R t = 5/12.
The trials were conducted on a healthy subject with a height of 1.80 m and a mass of 80 kg. The ramp used for the trials was located at the main entry of a residential area, it had a 10 % slope and a length of 15 m. The first trial consisted of analysing the self-locking characteristic of the prototype. The subject was told to remain stationary and not to move the external pushrim. While the subject was on the slope in an uphill direction the power input was transferred from the wheel to the output of the self-locking PGT (gear 1), provoking the locking of the system and preventing the subject from rolling backwards. In the same way, when the subject was in a downhill direction, the prototype also self-locked. The subject was comfortable and did not feel any risk of rolling backwards or forwards while the prototype was locked. As can be seen in Fig. 12, panel (a) shows the user on an uphill ramp and panel (b) shows the user on a downhill ramp when the prototype is in the locking position. The first trial demonstrated that the system self-locked while the user was on a ramp without any power input.
The second trial consisted of introducing power through the external pushrim in order to test the motion of the prototype. By moving the external pushrim of the prototype, the power input was transferred from the input arm and thus moving gears 4 and 4 , provoking the motion of gear 1 (output of self-locking PGT) and consequently moving the wheelchair. The subject was told to move the pushrim at the speed he considered appropriate. While pushing the wheelchair through various cycles and then halting the motion, the subject felt comfortable throughout the trial and did not feel at risk of rolling backwards or forwards. Further, the user did not feel the effects of inertia when changing between a stationary position and motion. In Fig. 12 the user is introducing power to the system through the new external rim in both ascending (panel c) and descending (panel d) ramps. The ramp used was 10 % slope. Different repetitions ascending and descending the ramp were carried out.
It is evident that, on one hand, the system self-locks when the power is introduced through the wheel in both ascending and descending trials (Fig. 12, panels a and b) . This behaviour prevents the user from going backwards ascending or going downhill while descending. On the other hand the system moves while the power is introduced through the external rim (Fig. 12 , panels c and d).
Conclusions
In this work, we have described the design of a new propulsion system applied to manual wheelchairs for the ascent or descent of long ramps. The system consists of a self-locking planetary transmission and a push rim through which power is input to the mechanism. With this configuration, it is possible to design a system that makes it easier for the user to ascend long ramps and that self-locks when the user stops inputting power through the push rim. The chair therefore stops without any need for an external braking mechanism to be activated. Although the system is designed especially for climbing long ramps since this is the least favorable situation, it also allows the descent of ramps. In addition, it can be adapted to each user's physical conditions by selecting each transmission ratio according to that user's needs depending on the power that they can transmit.
It has to be emphasized that the system is made up of mechanical components and requires no external elements for its activation or deactivation. This allows the user to push the chair without fearing when it might be descending. Additionally, when they wish to resume motion, they will not need to overcome the force of inertia, but rather simply start pushing the chair again. All this makes the design characteristics of the propulsion system proposed in this work adaptable to any user.
Finally, the transmission was also built and tested on a manual wheelchair. In a qualitative way it has been demonstrated that the system self-locks while both ascending and descending a ramp when the power is introduced through the wheels. It has also been demonstrated that the propulsion system moves the wheelchair when the power is introduced through the external rim. For future works, lighter materials and considerations regarding the size of the device will be taken into account. The device will also be tested on im-
